Embedded gold and mechanical deformation in silica were used to investigate initiation of laser-induced damage at 355-nm ( 7.6 ns). The nanoparticle-covered surfaces were coated with between 0 and 500 nm of Si02 by e-beam deposition. The threshold for observable damage and initiation site morphology for these "engineered" surfaces was determined. The gold nanoparticle coated surfaces with SOOnm Si02 coating exhibited pinpoint damage threshold of <0.7 J/cm2 determined by light scattering and Nomarski microscopy. The gold nanoparticle coated surfaces with the lOOnm Si02 coatings exhibited what nominally appeared to be film exfoliation damage threshold of 19 J/cm2 via light scattering and Nomarski microscopy. With atomic force microscopy pinholes could be detected at fluences greater than 7 J/cm2 and blisters at fluences greater than 3 J/cm2 on the 1 00 nm-coated surfaces. A series of mechanical indents and scratches were made in the fused silica substrates using a nano-indentor. Plastic deformation without cracking led to damage thresholds of 25 J/cm2, whereas indents and scratches with cracking led to damage thresholds of only '-5 JIcm2. Particularly illuminating was the deterministic damage of scratches at the deepest end of the scratch, as if the scratch acted as a waveguide.
INTRODUCTION
The laser-induced damage threshold of the surface of a fused silica optic is much lower than the dielectric breakdown threshold of pure bulk fused silica. Extrinsic factors such as scratches and/or impurities limit the performance of the optic 1-3rn
Fortunately, optics manufacturers are improving their optics at a rapid pace. So much so that finding the extrinsic factor before damage occurs is becoming next to impossible. In presently available fused silica optics the number of extrinsic damage sites at 12 J/cm2 at 3-ns pulse length at 355-nm wavelength is less than 0. 1/cm2 [see paper by Menapace et a!. in this issue]. In order to provide well-defined input and validation to laser-surface damage models4, we have produced fused silica optical surfaces with engineered defects that could be well-characterized before and after laser photon interaction at 355 nm. Both impurities in and mechanical insults to the optic were engineered. Gold nanoparticles were chosen as impurity particles for incorporation into optical surfaces because they are available in very narrow size distributions. Indents and scratches were produced by a pyramidal diamond-tipped nano-indenter.
Gold nanoparticle impurities in silica have been previously produced, characterized, and their interaction with laser photons studied5. In the previous work the particles were smaller than those used here and, also, had a broader size distribution. The variation in gold nanoparticle sizes led to less deterministic damage events and to damage features that could not be easily detected even with atomic force microscopy.
Scratches on surfaces have also been previously studied'3. For example, the work of Genin and co-workers' showed the cracks were facile damage initiators. However, by controlling the crack formation quantitative information of the damage properties of known loads may be determined.
Gold Nanoparticle Sample Preparation

EXPERIMENT
Samples were produced to provide 355-nm laser damage characteristics for known defects in silica. Gold colloidal particles in a proprietary solution were purchased. Particle sizes are 20, 40, and 60 nm. HF etched 2" flats (supplied by SESO) were used as substrates. A siloxane surfactant was used to keep the Au particle from agglomerating on the substrate. The particle density produced was O. 1 particles per im2 for the 6Onm Au particles (see figure 1) . Particle size and density was measured by atomic force microscopy (AFM). The substrates with gold particles were coated with a lOOnm (on side 1) and 500nm (on side 2) 5i02 layer deposited by e-beam evaporation. A schematic of the finished optic is shown in figure 2 . The coating covered the 6Onm particles; however, at the particle the coating protrudes above the smooth surface by the same 6Onm. The width of the protrusion is larger due to the coating process. These Au particle samples were damage tested at LLNL with the Zeus Laser facility. 
Mechanically Damaged Sample Preparation
Samples were produced to provide 355-nm laser damage characteristics for known mechanical defects in silica. HF etched 2" flats (supplied by SESO) were used as substrates. Mechanical indents and scratches were made in the fused silica substrates using a nano-indentor. The nano-indentor used a triangular pyramid-diamond tip to produce both the indents and scratches. A series of indents (1 6 each) were made for 0. 1 , 0.5, 1 , 2, 5, 10, and 1 3 m in depth. The applied load and depth were monitored during both loading and unloading for each indent (see figure 3 ). The indents were characterized by optical microscopy (all) and atomic force microscopy (0.5 im and 0. 1 im indents). A series of scratches (1 6) was made with depth of 0.1, 0.5, 1, and 2 tim. Three more scratches were made with 5 im depth. Scratches were 500 im long with the depth tapered from zero depth to the labeled depth at the end of the scratch. Scratches were done "point on", i. e. by dragging the indentor in the direction of one of the pyramid edges. The applied load and depth were monitored during scratching and the depth of the scratch was also profiled before and after scratching (see figure 4) . The scratches were also characterized by optical microscopy (all) and atomic force microscopy (0. 1, 0.5 and 1 .tm depths).
The difference in the before and after profiles illustrates the densification of the silica in the scratch and indent regions. Under pressure during the indentation and scratch the silica deforms to depth set by the nanoindentor. After the indentor is removed the some of the densification is removed; however, some of the densification remains as evidenced by the plastically deformed region. During the scratching process it cannot be ruled out that some of the material may be removed by "plowing." However, no removed material is observed via atomic force microscopy, thus making some densification likely. Proc. SPIE Vol. 4679 98
The results ofthe damage testing at the Zeus Facility (355 rim, 7.6 ns pulse, 10 Hz, '-15 s, S/i) are shown in table 1. Damage was detected by light scattering and Nomarski microscopy. Au particles on the surface had no effect on the damage threshold. A iOOnm Si02 coating increased the apparent damage threshold. The key observation here is that damage was more facile on the 500nm 5i02 coated 6Onm Au particles than on the iOOnm 5i02-coated 6Onm Au particles. The damage morphology was that ofpoint defects (see figure 5.). We can look at the damage morphology in more detail with atomic force microscopy (see figure 5 ). Onthe 500nm coated side at low fluence (<5 J/cm2 7.6 ns pulse) the damage hole is asymmetric with a flat edge on only one side ofthe hole with a diameter of ' 1 jim. The hole is 500nm deep, suggesting that the entire coating is removed but not the substrate. At higher fluence (>5 JIcm2) the hole shape is more symmetric and deeper (-700nm). The hole profile has a kink in it suggesting more than one desorption process has occuned.
While damage testing in the Zeus facility suggests that there is a difference i front versus rear surface damage propensity, the atomic force microscope results could not discern a difference in front versus rear surface damage, i.e., damage morphology at the same fluence on the front or rear was similar.
For damage on the 1 OOnm Si02 coated side, holes in the coating were not observed at fluence less than 7 JIcm2. Rather blisters appeared (see figures 7) . The protrusions on the laser-exposed area were higher (200nm) and wider than on the unexposed areas. The blisters suggest the apparent difference in the 355-nm laser damage threshold between the 500nm and lOOnm coated sides can be attributed to the ability of the thinner coating to absorb some of the otherwise damaging energy via film deformation. The threshold for blister formation is not known; blisters were observed at all fluences tested less than 7 JIcm2. At higher fluence point defect damage was observed with symmetric shape and '-4 tm diameter and 250nm depth (see figure  7) . In contrast no damage is reported at these fluences with light scattering and Nomarski microscopy on the Zeus facility.
While the atomic force microscope can find the morphological changes that occur on the 1 OOnmcoated 6Onm Au particles exposed to 3o laser light, it is very difficult to discern changes with standard (light scattering and Nomarski microscopy) damage assessment techniques with fluences up to 17 JIcm2.
(b) can be characterized as desorption of the Si02 layer and fragments thereof. A significant Au desorption signal was observed without the post-ionization. This is observed in spite of the fact that the desorption laser has insufficient energy (3.5 eV) to ionize Au with a single photon. The post-ionization laser (Ti:sapphire 3hv + hv) increased the sensitivity to the desorbed Au signal by a factor of 3 to 5, indicating neutral Au is also desorbed. Post-ionization laser tuned to Si (Ti:sapphire 2hv + 3hv) revealed very little increase in Si signal due to post-ionization, indicating that little neutral Si is desorbed. This observation may be a characteristic of the 5i02 fragmentation process. The damage morphology with the small laser beam spot and large laser beam spots were identical (see figure 10 and figure 6a ). According to estimates [see Rubenchik and Feit in this issue] the temperature on the surface of the gold nanoparticle reaches 3700°C for a fluence of 0.7 J/cm2 and thermal conduction in the 5i02 of k=0.04 W/cm!K. This temperature is sufficient to start a thermal explosion. The final craters were about 1-am size in agreement with estimates presented there. These experiments with crater formation many times larger than the initial nanoparticle confirms the pattern of damaged induced by nanoparticles presented by Rubenchik and Feit. The model includes the formation and growth of a plasma fireball with storage of enough energy to produce the observed crater.
Mechanically Induced Defects
The mechanically engineered sample was damage tested at LLNL with the Zeus laser facility. The results of the damage testing at the Zeus Facility (355nm, 7.6 ns pulse, 10 Hz, 5/1, 700 tm spot diameter) are shown in figure 1 1 and 12 . Damage was detected by light scattering and Nomarski microscopy. The indents and scratches were all tested with the mechanically induced damage on the laser exit side of the sample. Laser-induced damage thresholds were determined for each row of indents or scratches by exposing each site for up to 100 shots at a given fluence. Samples were inspected by microscope prior to and after laser exposure.
The damage threshold smoothly increased with decreasing indent depth from 13 tm to 2 rim. No damage at the 2-rim indent sites was observed at the fluences investigated; however, some front surface damage was observed at 35 J/cm2. The 2-rim indent had no cracking associated with the indent. Alternatively, the threshold penetration for non-plastic deformation is 5 tm.
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. The damage threshold for scratches was lower than for indents at the same depth. 5-tm and 2-tim deep scratches showed cracking in the fused silica as well as deformation. Although there were only three 5-tm scratches to investigate, they damaged at relatively low fluence. The damage threshold for the 2-tm deep scratches was 5 J/cm2. There is a drastic change in the morphology before exposure to laser pulses ofthe 1-tm deep scratches compared with the 2-.tm deep scratches. The 1-tm deep scratches show no signs of cracking. Only plastic deformation is observed in the 1 j.m and shallower scratches (see figure 4 ). In coincidence with the change in morphology there is also a dramatic change in the damage threshold; there is a five-fold increase in the damage threshold for l-.tm scratches compared to 2-.tm deep scratches. One ofthe most interesting observations is that damage on the scratchesdid not occur randomly along the scratch. Damage was always centered at the end ofthe scratch where the scratch was the deepest (see figure 13) . The laser pulse during the damage test was always centered 150-200 rm from the deep end ofthe scratch along the scratch. The beam fluence only changed by about 5-10% over this region accounting for profile falloff and shot-to-shot wander. Essentially, the fluence was constant over the 2OO-.tm range.
Scratches damage more readily than indents at the same depth. Plastic deformation without cracking does not lead to as serious a damage initiation problem as scratches with cracking. The plastic deformation leads to a densification of the fused silica3. The densified region has a higher index ofrefraction and can thus act as a means of collecting light from the entire laser pulse and then concentrating it at the end of the scratch with the most densified material.
These observations may also help explain the damage growth of laser-damaged fused silica. The presence of cracks can produce field enhancement both as a result of electrostatic enhancement pointed out by Blombergen'° and as interference oflight reflected and scattered by cracks1. Also, the cracks weaken the strength of material.
The deposition of energy in the weakened material can also produce damage at lower laser fluence. Coupling cracks with densified material creates still lower threshold material. If polishing only covers over and fills in the region, lower threshold material may still remain. 
CONCLUSIONS
The interaction of 3 5 5 nm laser light with engineered defects in fused silica is revealing the fundamental mechanisms of laser damage. Embedded gold nanoparticles are revealing the nature ofpoint-defect initiated damage mechanisms; whereas, controlled scratches reveal mechanisms which enhance the laser fluence in the laser-solid interaction.
